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NOVEL PLANTS AND PROCESSES FOR OBTAINING THEM 

This invention relates to novel plants having 
an improved ability to produce starch including an 
5 improved ability to produce structurally-altered 

starch. Such novel plants are capable of producing 
higher yields than known plants, and/or are capable 
of producing starch of altered quality. The 
invention further relates to processes for 
10 obtaining such plants. 

Temperature is one of the most important 
ecological factors governing the natural 
distribution of plants and their satisfactory 
growth and yield potential in agricultural 

15 cultivation. A crop will give its highest yields, 
and lowest risk of failure, when it is cultivated 
as close as possible to the specific temperature 
optima for each of its development stages in the 
course of the growing season. In many agri 

20 regions, temperature is not a stable factor for 

crops with extended growth periods and the plants 
may suffer stress because of temperatures which are 
too high or too low, or both, in different 
intensities and over short or long time intervals. 

25 Many of the world's food crops are cultivated 

in regions where their yield is constrained by what 
we have called "thermal thresholds" for optimal 
growth (Keeling and Greaves, 1990). The actual 
optimum temperature for maximal yield differs 

30 amongst different crops: for example, it is well 
known that certain cereal plants (such as wheat, 
barley and maize) give a maximum grain yield at 
around 25** to 30*»C. This optimum temperature is 
the basis for the calculation of Heat Units ( HU ) 
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Which are used to calculate Growing Degree Units 
iODV). GDU is a measure of the HUs a plant 
requires within a particular temperature range to 
reach a maximum yield. 

"Grain filling" is dry matter accumulation in 
the grain, and occurs over the period during which 
the grain increases in weight. Published 
information on crops such as wheat, barley, maize 
rice and sorghum, shows that as the growth 
temperature increases the duration of grain filling 
declines. At temperatures below the optimum 
temperature, the rate of grain filling increases 
with increasing temperature. This compensates or 
even overcompensates for reduced duration of grain 
filling such that, overall, the yield increases 
with temperature (Figure 1). However, at higher 
temperatures the grain filling rate fails to 
increase further with temperature and. indeed 
declines with temperature increases above 30«C 
These changes in grain filling rate fail to 
compensate for further reduction in grain filling 
duration. The overall effect is reduced yield (and 
also starch quality) because cereal crops spend 
significant proportions of time during the grain 
filling period at temperatures which are higher 
than optimal for grain filling rate. Thus the 
limitations on grain filling rate imposes a penalty 
on the total amount of dry matter that can be 
accumulated in any one growing season. m addition 
there is a change in starch fine structure, 
affecting its quality, because the 
amylose/amylopectin ratio is affected and the 
starch granule density is reduced. Although these 
effects are documented in the literature, their 
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cause has hitherto been unknown. 

Arrhenius first developed a generalisation 

for the effects of temperature on the rates of 

biochemical reactions and proposed a unifying 
5 mechanism involving energy of activation (E^) of 

chemical reactions. This has become known as the 

Arrhenius Equation: 

Intk^/k^) = (E^/R)(l/T^ + ^/'^2^ where the k 

values represent the velocity constants of each 
10 temperature (T) and R is the gas constant. The 

Arrhenius equation defines a chemical mechanism for 

the generalisation of a factor "Q^q" ^^^^^ ^^^^ 

will double or treble for a 10**C rise in 

temperature . 

15 Q^Q = Velocity (T + 10 ) "C/Veloci ty T°C 

Enzymes, which determine the velocity of any 
chemical reaction in living organisms, act by 
lowering the free energy of activation values of 
the chemical reactions to the extent that the 

20 thermal energy which is present in the organism is 
sufficient to activate the reactants. Thus the Q^q 
values associated with enzyme catalysed reactions 
are therefore a physical characteristic of the 
energy of activation achieved by that enzyme. Q^q 

25 values will therefore remain fixed provided (i) the 
catalytic site of the enzyme-protein remains 
functional and (ii) the substrate itself is not 
affected significantly by changed temperature. It 
is a well known fact that at temperatures which 

30 exceed the thermodynamic stability of proteins 

(normally considered to be about 40 to 50**C) the 
protein structure will "unfold" and its catalytic 
function will become disrupted and hence it will no 
longer favour conversion of substrates to products. 
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This phenomenon is well c-h^r-^^^ 

'^^aracterised in the 

V '^^^^ ex.ens^ely studied in a 

variety of l.v.ng systems as well as in 

thermophilic organisms th^ • ^• 
5 yinisms. The finding that dry 

matter accumulation in starch-storing crops 
apparently has an optimum temperature of 25 to 30<.c 
IS very unusual becanco ^ ^ l 

than th. ^ ^"^^se this temperature is lower 

than the temperature at which nrr.^«- 

OL wnicn proteins are normal i.r 
considered to become disrupted The nh» 
10 thus T^r-i,. "Pteo. The phenomenon 

thus lacks any explanation in the literature 

Our previous studies have led to a new " 
understanding of the metabolic pathway of starch 

synthesis in developing starrh v ■ 

,K«»T -coping starch storing tissues 

(Keeling et al, 1988, Plant Physiology, 

15 87:311-319; Keeling, 1989 ed c D I 

' ■ • C.D. Bover J r 
Shannon and R c li^ry-i^^ * ^•i-- 

, , Harrison; pp, 63-78, being a 

presentation at th*. a^v. ^ , 

in Plant Physiolog;, "^^^ 

20 and "tablished that grain filing ,ate 

and duration is governed by factors in the grain 
Itself rather than being due to 

the snurro ^- """^ component of 

751 Of " ''"'^^ ""^^^-^ ^° 

ot the gram drv weioht- r, , f ^ 

^ weignt in cereals it is 

logical that the limitation to plant dry matter 
accumulation referred to above will be Lst liLly 
due to an effect on starch deposition. This 
suggests that cereal species or varieties with 
higher yield will be characterised by either^ 
duration of starch synthesis in the g'ra n . 
30 greater increases in the rate of staLh synthesis 
at elevated temperatures. yntnesis 

Furthermore, this work has given us an 

understanding of the f?^ni-r.^r- • 

y tne ractors involved in 

determining the optimum growth temperatures of all 
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starch storing plants, and an understanding of the 
enzymes responsible for determining the fine 
structure of starch. In particular, we have 
investigated the biochemical reactions and 
5 interactions between the soluble starch synthase 

and branching enzymes which contribute to the fine- 
structure of starch deposition in plants. 

An object of the present invention is to 
provide novel plants having an increased capacity 
10 to produce starch and a capacity to produce starch 
with an altered fine structure. 

According to the present invention there is 
provided a method of producing a plant with 
altered starch synthesising ability comprising 
15 stably incorporating into the genome of a recipient 
plant one or more than one donor gene specifying an 
enzyme involved in a starch or glycogen 
biosynthetic pathway. 

The above method is generally applicable to 
20 all plants producing or storing starch. The 

recipient plant may be: a cereal such as maize 
(corn), wheat, rice, sorghum or barley; a 
fruit-producing species such as banana, apple, 
tomato or pear; a root crop such as cassava, 
25 potato, yam or turnip; an oilseed crop such as 

rapeseed, sunflower, oil palm, coconut, linseed or 
groundnut; a meal crop such as soya, bean or pea; 
or any other suitable species. Preferably the 
recipient plant is of the family Gramineae and most 
30 preferably of the species Zea mays- 

The method according to the invention may be 
used to produce a plant having an improved capacity 
to produce starch at elevated or lowered 
temperature. As noted previously, yield increases 
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oegins to decrease. Thus Dlani- = 

below, their temperature I ^ ' 

5 . u. -temperature optimum may not be 

5 reaching their full yield potential r 

Plant's capacity to produce staLt T'"^^"' 
above or belou, starch, at temperatures 

e or below the temperature optimum will result 
n nceased yield. This may be achieved by 

synthesising enzymes present in the olant r. 
also be achieved by altering the actuir t 
optimum of starch synthesis to suit the 
conditions of a particular plant ^hl a 
variety may be produced whi!h is / 
15 growth tBn,r,= / adapted to the 

growth temperature of a particular = 
finoi,.^- Hatcicuiar environment 

(including particular site«: r.r- 

sites or geographical 
-g-ns,. Normally, it is most useful to L 
starch production at temperatures in . 
normal optimum temperature. °' ^'^^ 

The method accordinq to the • 
also be used to produce a plant H 

to <=,/n^h^ • ^ having the abilitv 

to synthesise starch with an altered fine 
structure. .his may be due to a shift " the 
temperature optimum of starch synthesis 1 h 
25 other her reasons (such as a '° 

balance of the diff " / °""^11 
or the different enzymes in the 

:::::r.:.vr::::::: ::„:::^:„7=- ---- -c. . 

jjcocessmg properties 
improved digestibility, etc). 

The method and resulting alterationc s 
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for maize. The temperature optimum of starch 
synthesis pathway enzyme activity may be matched 
more closely to the higher temperature ranges 
encountered in the typical maize growing regions of 

5 the world. In addition, the fine structure of the 

starch may be changed so that novel starches are 
made in the recipient plant. 

The donor gene to be used may be obtained from 
any biological source which produces starch or 

10 glycogen-synthesising enzymes: it may be of plant 
origin or fungal origin or bacterial origin or 
animal origin. For example, donor genes may be 
derived from a plant selected from the following 
species Zea mays (especially the varieties Lima 38, 

15 Guanajuato 13, Lima 45, Doebley 479 or teosinte 
154), Zea diploperenni s , Zea luxurians , Zea 
perennis , Zea tripsacum , Zea parviglumis , and Zea 
mex i cana . 

Preferably the donor gene specifies soluble 
20 starch synthase (E.G. 2.4.1.21) and/or branching 

enzyme (E.G. 2.4.1,18) and/or glycogen synthase of 
bacterial origin (E.G. 2.4.1.21) or animal origin 

(E.G. 2.4.1-11). 

We describe the isolation, purification and 

25 characterisation of the enzymes soluble starch 

synthase and branching enzyme and the production of 
antibodies which can be used in the identification 
of soluble starch synthase and branching enzyme 
cDNA clones. We also describe the use of cDNA 

30 clones of plant soluble starch synthases ( SSS - 
soluble starch synthase), plant and bacterial 
branching enzymes (BE - branching enzyme) and plant 
and animal and bacterial glycogen synthases ( GS - 
glycogen synthase). 
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the plant t tnJ " '"'^"^ in 

Wild! n - 

also be elicu . .'""""'^ expression .ay 

elicited by introducing multiple copies cf 
enhancer sequences into the 5' „n^ 

Of the donor gene. -"transcribed region 

The donor gene may specify an alternative 
enzyme with improved prooertipc "^native 
of the normal , P^Perties compared to those 

tne normal plant enzyme. For eyan,r,i 
synthase (involved in the ^^^"Pie- glycogen 

^ glycogen biosvnthen,- 
pathway) may be seen a.: , "synthetic 

s^,r K equivalent to soluble 

starch synthase (in the starc:h v.- 

"losyntheti n 

produce st.tch .t ,levlt.a =«P"lty to 

ex..pie I. bacterid, K ""P""""- * second 

orm Of the enzyme with kinetic or 
allosteric properties different to those of th 
normal plant enzyme. m particular th 
encoded by the donor n '^'^^^'^iar, the enzyme 

y tne aonor gene may have a t-om^„ ^ 
optimum of activitv ^ temperature 

t activity higher than that of the 

recipient plant enzyme, or may show enhanced 

thermal-stability (which may enhance the duration 
of grain filling). auration 

Expression of improved allelic forms of an 
plant with increased starch-yielding capacity 
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10 



and/or better starch quality. Examples of such 
plants include: a plant (especially maize) having a 
starch synthesising ability which does not decrease 
with temperature between 25 to 30^C; a plant 
(especially maize) containing a soluble starch 
synthase^, and/or branching and/or glycogen synthase 
enzyme with a Q^^ value greater than 0,8 between 25 
and 35°C; a plant (especially maize) containing a 
soluble starch synthase and/or branching and/or 
glycogen synthase enzyme which is resistant to 
reduction of activity after exposure to a 
temperature in excess of 40°C for two hours. 

Genes encoding improved allelic forms may be 
obtained from suitable biological organisms, or 
15 endogenous wild-type genes may be manipulated by 

standard protein or genetic engineering techniques. 

Starch-producing and glycogen-producing 
organisms (including plants, fungi, bacteria, 
animal cells) may be used as sources of improved 
20 enzyme genes. Such organisms may be screened for 
allelic forms of the enzyme which are more 
catalytically active than those typically found in 
the crop. It is also possible to alter the 
properties of the enzyme in the recipient plant 
25 through protein and genetic engineering. Genes 
encoding variants of the enzymes may be created 
using molecular techniques or mutagenesis. 

The donor gene may be an antisense sequence 
which reduces expression of the enzyme in the 
recipient plant. For example, this may be used to 
alter the balance of the different 
starch-synthesising enzymes present in the cell 
which may change the amount or type of starch 
produced . 



30 
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"::rr::;„i::.::::rr. " 

"1" to effect . ch. °""t.tio„s ■„ 

--o„. .so.: i\r " - 

„,to.., o t:;~ ""--^ 

b„„o«„, e„.,.. .ct V r:/ 

plant results in st.rrh k ^ tecipieot 
novel .„„.,i„, s .,es T"""' "'^ 

s^^J^ch fine structure 

exnr.r- ^^"^ ^"""^ to reduce' 
expression of the wild-type gene) .ay also be 
incorporated with a sensp 

-ore active renl. encoding a 

15 sense o. '^^^^^""•-"t enzyme. For example a 
sense gene encoding glycogen svn^h. 
incorporated together with an a" 

soluble starch synthase to potent at'e'Ih"":/" 
-creased temperature optij^ des^^Lr:,:: " 
It is possible to inseri- ™„ 
2» the dono. ,ene into "o"^:: "o"" °" "->■ " 

donor 5en. identiol 

e,e.p.e. the .ono. ,.„./„:; ^Z^;^, 

" ::'r:f"t\r:::;:' — 

t.ne enzyme or may be derivaw ^ 
one source, derived from more than 

In summary, the followino 
genetic «.nIp„I,tion »etnoI '"T" °' 

P.o.„oe p,..„ .„ elterea : ; ""^ " 

'0 synthesise starch- ^ ° 

(2) insertion o£ . „ore ectiv. or ^„re 
ther.,u, res„t.„t en.,.. ^ 
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suitable biological organism; 

(3) insertion of multiple copies of the 
wild-type or enhanced activity enzyme gene; 

(4) Modification of the enzyme gene by 

5 techniques known in protein engineering to achieve 

alterations in the kinetics and/or allosterics of 
the enzyme reaction (eg to achieve thermal 

stability) ; 

(5) Modification of the promoter sequences 

10 using techniques known in protein engineering to 
achieve enzyme over-expression; 

(6) Modification of the sequence of the enzyme 
gene and/or its promoter and/or the transit 
peptide . 

15 The said donor gene may be derived from a 

sexually compatible donor plant and inserted into 
the recipient plant by sexual crossing of donor and 
recipient plants. 

Alternatively, the donor gene may be isolated 

20 from a suitable biological organism, such as a 

plant, bacterium, fungus or animal cell. Insertion 
of the donor gene is effected by genetic 
transformation of the recipient plant. If the 
donor organism is not sexually compatible with the 

25 recipient, the gene to be incorporated into the 
recipient plant genome is excised from the donor 
organism and the genome of the recipient plant is 
transformed therewith using known molecular 
techniques. The advantages of the transformation 

30 method are that isolated enzyme genes, genes from 
diverse biological sources and/or anti-sense 
constructs (not just sense constructs) may be 
incorporated in the recipient plant genome. 

Preferably the recipient plant is of the 
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family Gramineae and most preferablv .k 

Zea mays . other r«.,- ■ P^^^^^^^^y of the species 

involved in a star,-h , Pecitymg an enzyme 

°' glycogen biosynthetic 
pathway stably incorporated into i^= 
that ih= =.K i- ^'^^ genome such 

that .ts ab.Uty to produce starch is altered 
such Plants .ay have an improved capacity to 
produce starch at elevated or lowerL tel 
and/or an ability to svn.h • "^'^ temperature, 

altered fine structure h ""'^^ ^" 

can.Ki . ^ructure. Hence such plants are 
ca able , p,,,,,,^^ ^^^^^^ ^^^^^^ re 

certain temperatures and/or are capable of 
producing starch with a„ • 

arcn with an improved quality. 

ana re^\t\"r^::,r:::": 

previously. discussed 

The invention also provides the seeds anH 
progeny of such plants anrt h k 

includes such plants "'"'^ ^'^"^ ^^'^^^"^ 

The present invention will now be describ.H 
Z °' "ion, by the following 

description and examples with reference to th 
accompanying drawings of which: ' 
Figure 1 is a graph showing the effect of 
temperature on final grain weight 

againsr:::p:.:L:e^^"^ " --^^ 

against't"" ' " ' °' ^^^^^ temperature 

against time spent above that temperature 

rigure , Shows computer simulations of 
different rate-models of temperature/act ^ . 
profiles. <-civi 



20 



25 



30 
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Figure 5 is a graph of rate against 
temperature for several star ch-synthesising 
enzymes . 

Figure 6 is a graph of Q^q values against 
5 temperature for several starch-synthesising 

enzymes . , 

Figure 7 is a graph of rate against 
temperature for maize endosperm soluble starch 
synthase and branching enzyme. 
10 Figure 8 is a graph of Q^q values against 

temperature for maize endosperm soluble starch 
synthase and branching enzyme. 

Figure 9 is a graph of rate against 
temperature for rice, maize, sorghum and millet 
15 soluble starch synthase. 

Figure 10 is a graph of Q^^^ values against 
temperature for rice, maize, sorghum and millet 
soluble starch synthase. 

Figure 11 is a graph showing soluble starch 
20 synthase and ADPG pyrophosphorylase activity 
against pre-incubation temperature. 

Figure 12 is a graph showing soluble starch 
synthase activity and starch synthesis against 
pre-incubation temperature. 
25 Figure 13 is a graph showing soluble starch 

synthase activity against time after pre-incubation 
at 40°C. 

Figure 14 is a graph showing recovery of 
soluble starch synthase and UDPG pyrophosphorylase 
30 activity against time after heat treatment. 

Figure 15 is a graph showing Q^q values of 
soluble starch synthase and glycogen synthase 
against temperature. 

Figure 16 is a graph of soluble starch 
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synthase activi t-^r =.«^ • 

primers. ' temperature using varxous 

svnth'''"" ' °' "arch 

synthase activity against temperature usina 
5 primers. '^i:ure using various 

H coll'irr nucleotide sequence for 

^ cojU glycogen synthase. 

Figure 19 Shows the construction of two 
glycogen synthase transformation vectors 

aistrii::::: ::r^^ ^ r:^^ ^^--^ — ncy 

Afferent mai.e il^:""" ^° ^ = '^> 

figure 21 is a graph showing soluble star.H 

synth:::"::,::,:; riu^Tfrr::^ ^^-^^ 

-gure 23 Show a L o^ """^'^ 
synthesising enzymes at ferel 
20 sugary maize mutant. '^'""""^ ^oses in the 

Figure 24 shows activity 
synthesisino ctivity of various starch 

jr'»i-nesising enzymes at diffpr»„^ 
dull maize mutant. gene doses in the 

Figure 25 shows activitv nf • 
25 synthesising enzymes at dif eL, " ""'^^ 

Shrunken maize mutant. "'""^"^ i" the 

Figure 26 shows activitv „ 



30 



in order to examine in ^ietarTT^^TTTITr.^^,^ ■ 
between starch synthesis rate and ^ "^^^^tionship 
vit,^ u ^"'^ temperature in 

VIVO, we have conducted exoerimoo^ — 

a experiments on maize plants 



1 



BNKXXaD: <W0__M<»144A1JU* 



wo 94/09144 




PCr/GB92/01881 



growing under defined temperature regimes in 
constant environment cabinets. In these 
experiments the maize ears have been maintained at 
defined temperatures independently of the rest of 

5 the plant by means of thermostatically controlled 

glass fi^bre heating mantles placed around the ears. 
Rates of starch synthesis at precisely regulated 
temperatures were calculated from dry weight 
accumulation curves for the maize kernels over a 

10 defined period. The analysis of maize endosperm 
starch synthesis at different temperatures showed 
that the rate increases with temperature between 15 
and 25*'C. Between 25 and 30**C there was no 
significant increase in rate. The rate at 2S^C was 

15 significantly lower than the rate at 30**C (Figure 
2) . 

To examine the relevance of the in vivo starch 
accumulation rate versus temperature curve in the 
field, we monitored field temperatures during the 

20 starch filling period at various field stations in 
the mid-west of the United States. Air 
temperatures were monitored using a thermocouple 
attached to a recording device which recorded 
temperatures at five minute intervals. In 

25 addition, temperatures within the maize kernels 

were recorded by inserting thermocouples into the 
grain. Significant periods of time are spent above 
the optimal temperature (Figure 3). We used 
computer modelling techniques to calculate the 

30 expected yield benefits of altering the in vivo 
starch synthesis versus temperature curves in 
several defined ways (Figure 4). For example, 
increasing the temperature optimum for grain 
filling rate from 25 to 30**C gives an anticipated 
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yield benefit in excess of 10% over th. 

we. have recorded (Table 1). ''^"^ "'^'^^ 



TABLE 1 
Computed Inrro^op^ 



yield for ^ 50^. 
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In addition to in vivo information on 
temperature dependence, we have obtained in vitro 

evidence on the biochemical basis for the 

1 4 

temperature dependence. We applied C-giucose to 

5 developing maize grain in vitro at different 

temperatures and measured the flux of radioactivity 
through different pathways. Using 1- C-glucose 
and 6-"^ '^C-glucose it was possible to determine the 
in vitro rates of glycolysis and the pentose 

10 phosphate pathway as well as starch synthesis. The 
data in Table 2 below show that between 20 and 40**C 
there was no significant increase in the rate of 
starch synthesis, though the flux of radioactivity 
through the pentose phosphate pathway and 

15 glycolysis increased approximately three-fold and 
two-fold respectively. The failure of the starch 
synthesis rate to increase above 25**C is therefore ' 
due to the starch synthesis enzymes in the 
amyloplast (i.e. any one or any combination of 

20 soluble and bound starch synthase, branching enzyme 
and ADP-glucose pyrophosphorylase ) , and not due to 
a failure in the supply of sucrose or ATP at high 
tempe ratur es . 
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TABLE 2 



25 



30 



Temperature 

40«C 




Pentose p. pathway 
mmol CQ2/hr/endosperm 



Starch 

mmol glucose/hr/endosperm 



3.8 +3 



45.7 +4 



11,3 +3 



54.9 +7 




the t""" '^'^ biochemical basis for 

in the pathway '"r"^^" endosper. enzynes 

inciudin, soLj: 3t:::r""^^""°" '° 

br.n.h- synthase (SSS) and 

b„.en.y„e <b.,. Two aspects have been 

(1) The temperature dependence of the rates of the 

reactions catalysed hv ^ 

aj.ysea by these enzymes; and, 
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(2) The stabilities of the individual enzymes 
during incubations at different temperatures both 
in vivo and in vitro . 

The glycogen synthase enzyme has also been 
5 studied (see (3) below). 

( 1 ) Temperature Dependence 

The reaction rates of most of the enzymes 
studied (alkaline py rophospha tase , phospho- 

10 glucomutase, UDP glucose pyrophospho rylase , 
hexokinase, phosphoglucosi some rase , sucrose 
synthase, ADP glucose py rophosphorylase and bound 
starch synthase) have activities which increase 
with temperature at least up to 4S°C (Figure 5). 

15 This temperature exceeds the highest temperature 
recorded during grain filling in the field. When 
replotted as Q^^ values (Figure 6) it is clear that 
these enzymic reactions are stable across this 
temperature range. This is consistent with the. 

20 theoretical expectation from the Arrhenius equation 
referred to above. 

The temperature responses of SSS and BE were, 
however, a complete contrast (Figure 7), The 
apparent temperature optima for activity are 25**C 

25 for SSS and 27.5°C for BE. When replotted as Q^q 
values (Figure 8) it is clear that there is an 
apparently constant decline in enzymic efficiency 
with increasing temperature. This is indicative of 
some decrease in catalytic activation brought about 

30 by depressed interaction between the enzyme and its 
substrates. As these are the only enzymes in the 
pathway with temperature optima for activity below 
30°C, it is apparent that one or both of SSS and BE 
are "rate limiting" for starch synthesis between 20 
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and 30OC. The failure of starch synthesis rate in 
ZiZ2 to increase with temperature between 25 and~ 
35'C must be due to a failure of the activities of 
one or both of these enzymes to increase in 
activity over this temperature range. 

Grain has been sampled from maize plants grown 
at 20, 25 and 30-c and SSS and BE activity has been 
measured over several temperatures. The 
temperature at which the grain are growing was 
found to have no effect on the temperature optima 
for activity of these two enzymes. Temperature 
activity curves for these two enzymes from the 
endosperms of several commercial U.S. maize hybrids 
show the same temperature optima. As shown in 
Figure 8, values for in vivo rates and SSS and 

BE activities show remarkable similarities. This 
IS in contrast to, for example, ADP-glucose 
pyrophosphorylase where Q^^ is fixed across 
different temperatures as predicted by the 
Arrhenius equation. 

Comparisons of the temperature activity curves 
for SSS from maize, rice, sorghum and millet show 
that the temperature optima for activity were 
consistently around 2SOC (Figure 9). There were 
however, differences in between 15 and 2S''C ' 

the increasing in the order maize, sorghum, 

rice and millet (Figure 10) ^ha^ 

yuLc lu;, that IS, in the order 

of increasing climatic temperatures of the 
locations where the crops are grown. Further 
studies of dicot plants has led to the discovery 
that the for SSS can be considerably higher in 

some plants than we have observed in the 
monocot plants so far studied. For example in 
tomato leaf and fruit the Q^^ values were 
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significantly higher than that seen in maize 
( Figure 9 ) . 

High increases in Q^q between 15 and 25**C mean 
that SSS may not become rate limiting at 25*C, 

5 pathway rate control being passed to another 

en2yme(sj,^. The in vivo rate of flux through the 
starch pathway may, therefore, continue to increase 
with temperature above 25*'C. 

The temperature activity curves of the green 

10 leaf tissue forms of SSS and BE are similar to 
those observed for the developing grain. These 
enzymes, we conclude, limit photosynthesis at 
temperatures above 25*0. 

The temperature activity curves of the 

15 developing tassel forms of SSS and BE are similar 
to those observed for the developing grain forms, 
again confirming that these two enzymes limit 
starch synthesis at temperatures above about 25®C. 

20 ( 2 ) Temperature Stability 

Experiments with both wheat and maize have 
confirmed that increased temperature not only 
affects the rate of enzyme catalysed reaction of 
SSS, but also results in enzyme instability 

25 resulting in long term loss of enzyme activity. We 
have termed this phenomenon "knockdown" in order to 
distinguish it from the changes in reaction rate 
described above. "Knockdown" is defined as the 
change in maximum catalytic activity assayed at 

30 20°C following a heat treatment of the enzyme 

either iri vi t ro or in vivo at a higher temperature. 

Incubation of extracted maize endosperm SSS in 
vitro at temperatures up to 37°C did not cause any 
loss of enzyme activity when subsequently assayed 
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20OC. At ten.peratu.es higher than BT-C 
however, progressive long ter™ loss of ene;.e 
act.v.ty occurred, such that by 40'C aoT T 
en.,.e ha. .eco.e inactivated/ When'p 1^: . a ^ 
gra.ns were preincubated for three hours at To^c 
the.e was a significant drop in SSS activity le^ 
subsequently extracted and assayed at 20^C (Pig! e 
AO """" e.tractable activity of 

10 this ^^^^^^^^-^^--^-^ -ot altered by 

T^nis same preincubation. Pre-fro=.^ 

^o-s „ a.. ,0 30.C a^rL 

incubations of wheat grain result-ZT" . 

:::iMrgV"^^- - ^-:rr:eV:str:s-:::. 
unaff\r-^;i",::;-r::r:rt"" '-''^'-^ - 

coincided With a dron "txvxty at 40'C 

14. . ^ ^" ""ch synthesis measured 

as C incorporation into starch assav.ri ■ 
(Figure 12). assayed m-vitro 

20 T 

heated "^"'"^"^^ ^ "^-'^ -aize ears were 
heated in situ on the plant, temperature^ • 
of 37-c caused loss of sss '^"'P"""'^" ^" e^«ss 

" activity when 

subsequently extracted and assayed at 20-0 The 
activity Of AOP-giucose Pyrophosphorylase was 
again, unaffected by this tre«^™ . 
heat . treatment. Following 

neat treatments at 40'c fr>r = 

4u L tor a range of times ^^ 

was found that the extractable SSS activ " 
declined dramatically over a two hour period 
^^^.ure 13). When the cobs were returned to 20'C 
fo lowing a period at 40-0, the extractable sss 
activity only returned to its initial activity 
after a period of 24 hours at the lower temperature 
(Figure 14) Similar ^ "-^^nipe ra ture 

.1. K Similar experiments with wheat ears 

also showed that knockdown of ^ 

uown Of SSS occurred in viyp 



25 



30 
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at temperatures of 30°C and above. Recovery of SSS 
activity in wheat also took over 24 hours. 

( 3 ) Temperature Dependence of Glycogen Synthase 

5 The biochemical reaction catalysed by soluble 

starch synthase (ADPGlucose:l, 4-a-D-glucan4-a-D- 
glucosyl transf e rase (E.G. 2.4.1.21)) involves the 
sequential addition of glucose donated from the 
sugar nucleotide ADPGlucose to a glucan chain using 

10 an a-1 , 4 linkage. Other sources of this chemical 
reaction exist in nature as the enzymes glycogen 
synthase notable from bacteria (ADPGlucose: 
1 , 4-a-D-glucan4-Qt-D-glucosyl transf erase 
( EC2 . 4 , 1 . 21 ) ) and animals ( UDPGlucose : glycogen 

15 4-a-D-glucosyl transf e rase ( EC2 . 4 . 1 . 11 ) ) . 

When we studied the temperature dependence of 
the glycogen synthase reaction we found that there 
was a remarkable increase in activity with 
increasing temperature. This was in dramatic 

20 contrast to the temperature dependence of the 
reaction catalysed by soluble starch synthase 
(Figure 15). The biochemical cause of this new 
temperature response of glycogen synthase indicates 
that this enzyme can maintain its normal activation 

25 energy for the reaction even at higher temperatures 
that reduce SSS activity. The glycogen synthase 
enzymes catalytic site is either able to tolerate 
the higher temperature or else is able to 
compensate for possible changes in the conformation 

30 of the substrate itself. Thus because glycogen 
synthase catalyses the same chemical reaction as 
SSS, it has very wide application as a means of 
increasing plant starch deposition at higher 
tempe ratures . 
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The nucleotide and amino-acid sequences of 
.lyco.en synthase a.e Known IZl 
GenBank/EMBL #J02616 (Kumar et al j aiol ru 
16256-16259 (1986 )) (ii, , °^ Chen, 34 

5 muscle '^^^^'^ skeletal 

muse a (Hang et al, taseb j 3 3532-3536 (1989,) 

(^xx) from human muscle (Browner et al ! 
Nat Acad sci 86 1443-1447 (1989^ The l\ 
(ADPGlucose- 1 4 „ n •> '^''"^'>- The bacterial 

tran.f ^''-"-°-gl""n-4-a-D-glucosyl- 
transferase (EC 2 4 i 5i i i ^ 

10 glycogen 4-„-o-gluc;s:i ' T ^"°-=lucose: 

gj-ucosyltrasferase ( EC 2 4 i 1 1 i > 
sequences are NOT homologous Furth. '''^'^^^^ 
-cterlal forms are not P^rsphoryl dTj T 

not allosterically affected hy gl^ose s Ll I 
Finally, th. h=.. ^ glucose 6-phosphate. 



15 



20 



25 



30 



finally, the bacterial en, •'-P^osphat 

accerial enzyme uses adpg (ie n t» 
plants) and onlv . ■ , ' ^^'^^ 

only the animal forms use UDPG th^ 
makes the baph«.,-<=.i uofg. This 

cne bacterial enzyme the ideal choice fnr 
using on plants. The stT,,^^ , cnoice for 

bacterial structural genes for the 

cterial glycogen synthase are mapped to pOP12 in 
E.Coli and glycogen synthase map to glgA 
Nucleotide sequencing further r»^. 

of glqA Th. ^ , further refines the position 
^ g-igA. The translation start of oioa • .. 

be immediately after „i . ! " 

ceiy after glgc and the nucleotide 
sequence determined. The nh 

that the actual start of .T' -o 
un»™K- , ''^^ ^l5A gene was 

unambiguously determined as well as .nn^- 
diref-Hor, ^ confirming the 

oirection of transcrintion Th» ^ y ^-ne 

sequence show complet! ho:ologTw::h":: ktw": T 

Afferent bacterial enzymes show 90% sequence 
homology. There is complete agreement between the 
reported and deduced amino acid °«tween the 

enzyme. Cells tran.fn . "'^"^""s for the 

polypeptide hat r ^^"^ P"'^"" - 

P ypeptide that has sequence homology with th. 

known amino acid sequences. 
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THE BIOCHEMICAL CAUSE OF THE TEMPERATURE 
EFFECT 

As was stated above, the Q^q characteristics 
of an enzyme catalysed reaction is determined by 

5 the energy of activation of that enzyme. The 

atypical behaviour of SSS and BE to increasing 
temperature shows that the normal activation energy 
of this reaction which appears to be optimal at 
lower temperatures (for example, around 10**C) is 

10 not carried through to the higher temperatures. The 
decay in enzyme rate with increasing temperature is 
indicative of some change in the interaction 
between the enzyme and its substrate. This could 
be due to a change in the enzyme catalytic site or 

15 else a change in the conformation of the substrate 
itself- Studies of the effects of different 
primers on the temperature-dependence of SSS 
activity shows that the precise temperature optimum 
is influenced by the nature of the substrate 

20 (Figures 16 and 17). Furthermore, when very low 
molecular weight primers were used in the enzyme 
reaction the temperature response curve was 
dramatically altered such that the Q^q was 1.6 
between 25 and 35**C for maltotriose, maltotetrose 

25 and maltoheptose primers. Collectively these data 
indicate that the biochemical cause of the 
temperature optimum of SSS activity is related in 
some way to the molecular structure of starch and 
its interaction with SSS and BE. 

30 . 

STARCH FINE STRUCTURE ALTERATIONS 
Detailed studies of the starch mutants in corn 
(amylose extender, sugary, dull and waxy) has 
shown-us that the expression of enzyme activities 
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is altered in these mutants such that ^h 
-ties Of several enzy.es involved " tH 
°f starch synthesis. Figures 23 t V 
considerable over-exor.. '^'^ 
^ the pathway of sta ch °' ^"^""^ - 

there is a spec f.c le ' ' ^"^^^^^^^ where 

starch depos.tL " °' 

"ot only .3 t.er: a^^z-:;^::,:::^:- -t 
- o^^^^"::::, ir- ---- aiso zri an 

expression of some isoforms of <:q<= 
enzvmpc "'-urms ot SSS and BE 

has been reported in the ll enzymes, as 

apparently an over exp'e.s = 

these same enz^Js L 
in enzyme isofo. Pathway. This change 

"zyme isoform expression occurs in 
as a consequence of . k "sponse to 

^iuence ot a change in flux - 

to starch. There is then a resultLa cH 
starch fine structure which h.rK 
20 the literature which " documented in 

combination of 'a du.^ron""^ " '""^ ^ 

together with an ov .el^:::^"""" 
isoforms Of SSS anH u °f °ther 

in the starch assembl ' '^^^ "'"""^ 

" -om our ongoin g r.:s"::d"; 

-P^p^ession lev^lro:^s^"^n^"::^v° 

cereal endosperm in order to effect . n 
structure in corn Furtho ^^"^^^ 
that different " ' since we now Jcnow 

0 starch asseliy h rTiVr '""""^ ^ 

transforming corn "th fo °^ 

have other differed 

aifferent properties which will ^ff^ . 
change in the fine ^hr-., . effect a 

line structure of the st^rr.h , 
using SSS and be from oth.r ^- 

trom other diverse biological 
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sources of plants, animals, bacteria and fungi). 

CONCLUSIONS FROM THE EXPERIMENTS 

Our results have demonstrated that the failure 

5 of the starch synthesis rate in cereal endosperm to 

increase with temperature above 20-25*C is due to 
the fact that in the temperature range of 25-30°C 
the rate of starch synthesis is controlled by the 
activities of the SSS and BE enzymes. The rates of 

10 the reaction catalysed by SSS and BE fail to 

increase with temperature above 25°C. In addition, 
knockdown of SSS activity may further reduce yields 
in maize above 37°C and in wheat above SO'C. Crops 
such as wheat, barley and maize frequently 

15 experience temperatures above 25'*C during their 

grain filling period. This invention increases the 
temperature optimum for the grain filling rate 
above 25**C by relieving the limitations imposed by 
the reaction properties of SSS, BE or both. The 

20 enzyme glycogen synthase has a radically different 
response to temperature and is an ideal source of 
enzyme for increasing starch synthesis at 
temperatures that exceed the temperature optima of 
SSS and or BE. Changing the temperature optimum 

25 for starch synthesis in plants increases plant 
yield as well as changing other important 
properties such as fruit texture and sweetness. 

Furthermore the alterations in expression 
levels of SSS and BE using both sense and antisense 

30 constructs results in an alterations in the fine- 
strucure of the starch produced in the recipient 
plants. In addition, effecting this change in 
ratios of enzyme expression using temperature 
stable enzymes results in a more stable and 
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defined type of starch quality that i= 

the recipient plants. ^ " ""^'^"^ '° 

^ "SE OF GLVroGEN SYMTH^c^ 

transformation. 

svnth ^^""P^"^"-- sensitivity of starch 

synthesxs n,ay be improved by transforming plant 
.eno^es .ith a gene encoding glycogen .ynth se 
Heferrxng to Figure 15 herewith, it can b. 
that the activity of the alvc^o 

- continues to incLase It! .".rrrr.--^ 
around -lO'C well in ^mperature at least to 

-xi„a Of t^e othe T"" temperature 

synthase and hintel;::^""' ^^^"^^^ ^ 
starch svnth»=- "^yn'e, associated with 

is also „Jti„J "tL ,T ' " 

^ glycogen synthase 
temperature stability is bettpr 

f-r.,-n ^ • ^ '-y IS Detter than any of the 

corn-derived enzvmoc 

enzymes from even the beci- 4.u 

germplasm which h=,c ^ 

screened for this 
25 property. ^ 

Glycogen synthase catalyses ^h» 
as soluble starch "^yses the same reaction 

uoie starch synthase f ADPglucose : 1 <i-„-d 

glucan-.-„_o-giucosyltransferase (e.c 2 T 

Which catalyses tho ^ ^.4.1.21)] 

'0 donated frol the glucose 

from the sugar nucleotide ADP-glucose to . 
glucan chain usina an « i ^ i • ,. y-^"cose to a 

Of this a-1,, nnLoe Z^""^^^- sources 

.h. linkage reaction exist in nature as 

the enzyme glycoaen c„„*.k 

fADP^i synthase, notably from bacteria 

(ADPglucose: 1 4-A-n «i . a»-ueria 

a-D-glucan 4-a-D-glucosyl- 
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transferase (E.C. 2.4.1.21)] and animals 
[ UDP-glucose : glycogen 4-a-D-glucosyl transferase 
(E'.C. 2.4.1.11)]. Again the reaction involved is 
the sequential addition of glucose donated from a 
S nucleotide sugar to a glucan chain via an a-1,4 

1 inkage . 

While not wishing to be bound by this 
particular explanation, it is believed that the 
different stability to increased temperature 

10 between soluble starch synthase and glycogen 

synthase is connected with changes in the structure 
of glucan chains at higher temperatures. It is 
generally agreed that the structure of starch (at 
least in solution) is a "statistical helix", that 

15 is, it exists as a dynamic mixture of structured : 
helices and random coils. At temperatures much in 
excess of 20-25**C, the hydrogen bonding between the 
glucan double helices begins to break down, 

favouring the less organised random coil , 
20 conformation. It is hypothesised that the active 
site of soluble starch synthase lies on the glucan 
chain when present as a helix whereas the glycogen 
synthase site of action is found on the random coil 
structure. By this reasoning, their enzymatic 
25 reaction may be the same but their temperature 
responses dramatically different. 

The most favoured sources of the glycogen 
synthase gene for use in this invention are 
bacterial rather than animal sources for the 
30 following reasons: 

(1) the bacterial glycogen synthase and plant 
soluble starch synthase both use ADPG, whereas the 
animal GS enzyme uses UDPG ; 

(2) the bacterial GS and plant SSS enzymes do not 
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'hlLaTr^''^^''^^^^" activation, 
-hereas the animal enzyme does; and, 

(3) the animal GS enzyme requires 
glucose-6-phosphate as a co-factor and is 
allosterically activated, whereas the plant SSS . h 
bacterial GS enzymes are not. ""^ 

For these reasons the bacterial GS gene is 
preferred. The nucleotide anri =. • 

a- Known from the lite aL e f ^ '''' "''"^""^ 
- OenBan./.„e. ..o.Sie Uulr ^^^Tol ' ch" 

— ie3S. a.se),. .a.hit s.e^et.l l^^^^^^^^^^ 
Uhang et.al., p.seb a. 3, 2532-2536 (1989, and 
human muscle (Browner ^i- .i ' 

ho^oio^of i::':i/"t ^""^^ ^ ^^-^-"^ 

GS ar. . Structural genes for the bacterial 

GS are mapped to pOP12 in f • ^ -cterial 
<!.,nt.K= E.coli and glycogen 

translation start point of gig^ is ,„own to be 

»n.ed.ately following glgc and the nucleotide 
sequence determined. The NH 

that the actual start of tK ' ^° 
nn«n.K- ^^'^ 9^9A gene was 

unambiguously determined as well a. 

2S direction of transcription. ^ deduce^d 

sequence shows complete homolog^ with "heT^" 
sequence and with the known "^"2 
Different t.rr , sequence, 
afferent bacterial enzymes show 90% homology. 

There is complete agreement between th. 
30 and deduced amino acid ... ''^^^^^^ ^^^^ reported 

amino acid sequences for the enzyme 
cells transformed with the gene produce a 
polypeptide that has sequence homology with the 
known amino acid sequences. 

Figure le Shows the nucleotide sequence for 
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E.coli glycogen synthase as retrieved from EMBL 
#0[02616. It is not a large protein: the structural 
gene is 1431 base pairs in length, specifying a 
protein of 477 amino acids with an estimated 

5 molecular weight of 49,000. It is known that 

problems' of codon usage can occur with bacterial 
genes inserted into plant genomes but this is 
generally not so great with E.coli genes as with 
those from other bacteria such as those from 

10 Bacillus- Glycogen synthase from E.coli has a 

codon usage profile much in common with maize genes 
but it is preferred to alter, by known procedures, 
the sequence at the translation start point to be 
more compatible with a plant consensus sequence: 

15 glgA GATAATGCAG 

cons AACAATGGCT 

The GS gene construct requires the presence of 
an amyloplast transit peptide to ensure its correct 
localisation in the amyloplast. It is believed 

20 that chloroplast transit peptides have similar 

sequences but other potential sources are available 
such as that attached to ADPG pyrophosphorylase 
(Plant Mol. Biol, Reporter (1991) 9, 104-126). 
Other potential transit peptides are those of small 

25 subunit RUBISCO, acetolactate synthase, 

glyce raldehyde-3P- dehydrogenase and nitrite 
reductase. For example. 

Consensus sequence of the transit peptide of small 
subunit RUBISCO from many genotypes has the 

30 sequence: 

MASSWLSSAAV — ATRTNPAQAS MVAPFTGLKSAAFPVSRK 
ONLDITSIA SNGGRVQC 
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SsSRSLGNVA SNGGRIRC 

The transit peptide of leaf <!^a.^k 

corn has th^ = ^ synthase from 

•-^Lii nas the sequence: 

MA ALATSQLVAT RAGLGVPDAS TFHRr^.^.^^. 
TI,SMRTA<;:.B» TFRRGAAQGL RGARASAAAD 

TLSMRTASARA APRHQQQARR GGRFPSLWC 

dehv.'"""' °' '^^^ glyceraldehyde-3P- 

dehydrogenase fro. corn has the sequence 

«AOX.APS TOWC«RXXKT SPCAXPXTSK ..slv.^Or 
KKVAHSAKFR VHAVNSENGT 

The putative transit peptide from adpg 
pyrophosphorylase from wheat has *-h. 
-SPPS.SRA P.R.PORSAT ROHOAROOPR R„C ^ 

It IS possible however to exoress hho , 
synthase consti tutively usin. ! glycogen 

constitutive promoters such '"'^ well-,„own 

yLomozets such as CaMV35s bm- vk« 

may be biochemical penalties in ^^ f " 
from increased starch deposL ! ' -suiting 

entire oiant n '^«P° = itaon throughout the 

preferred the endosperm is much 

incluIe't'he'lrrmT"" - 
cne promoters of the c:h=»».r*u 

ADPG pyrophosphorylase gene and th 
synthase gene. 

Figure 19 herewith illustrates the 
construction of two alvr.r,«- 

use in thic • glycogen synthase vectors for 

.n th.s invention to transform tomato vect' 
are described with either constitutive o^ °" 

t:":::i":e^\T\"^- ^^^-^^^ 

iDulose-bis-phosphate carboxylase is 
incorporated to direct t-ho ^ 

airect the product to the plastid. 
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USE OF BACTERIAL BRANCHING ENZYME 
Another embodiment of this invention is to use 
a temperature stable form of branching enzyme which 
can be obtained from bacteria. Branching enzyme 

5 [ 1 , 4-a-D-glucan : 1 , 4-a-D-glucan 

6-a-D- ( 1 , 4-a-D-glucano ) transferase {E.C. 
2.4.1.18)] converts amylose to amylopectin, (a 
segment of a 1 , 4-a-D-glucan chain is transferred to 
a primary hydroxyl group in a similar glucan chain) 

10 sometimes called Q-enzyme. Like soluble starch 
synthase, this reaction also has 
temperature-dependent properties in plants, 
presumably because of the same molecular mechanisms 
of helix-to-chain transitions. It is reasonable to 

15 believe that the bacterial BE enzyme will behave 
similarly . 

The most favoured sources of the branching 
enzyme gene for use in this invention are bacterial 
although plant enzymes can also be used (rice 

20 endosperm, Nakamura etal., Physiologia Plantarum 

84, 329-335 (1992); pea embryo. Smith, Planta 175, 
270-279 (1988); maize endosperm, Singh and Preiss, 
Plant Physiology 79, 34-40 (1985); Vos- 
Sche rperkeute r etal., Plant Physiology 90, 75-84 

25 (1989)). The nucleotide and amino acid sequences 
for bacteria are known from the literature (Kiel 
JAKW et al, 1991, Mol Gen Genet, 230 ( 1-2 ): 136-1 44 ) . 

The structural genes for the bacterial BE are 
mapped to pOP12 in E.coli and branching enzyme maps 

30 to glgB. 

The BE gene construct may require the presence 
of an amyloplast transit peptide to ensure its 
correct localisation in the amyloplast, as 
discussed previously for the glycogen synthase gene 
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construct . 

It is possible to express the branr-h • 

constitutive promoters such as CaMV35S but th 
' be biochemical penalties in the nl 

from increased starch deposit on th T "'"'^'"^ 
entire plant. Deposition in , ^''^ 
preferred. ^ endosperm is much 



10 



15 



20 



25 



30 



Possible promoters for use in • 

include the Drn»«^ invention 
cne promoters of the .= farov, 

::r: /r:: ::: 

synthase gene. sucrose 

Branching en2yme vectors may be used to 
transform corn, with eith». 

either constitutive or 
endosperm-specific promoters The tranl . 
from corn amyloplast-specif i^ 

incorporated to direct th. . 

direct the product to the plastid. 

EFFECT S ON STARrR r-TM^, ^« 
' ^-^ARCH FINE STRUCT tJRF 

Although this invention ^- 

to improvement of the deoL.^ ' Primarily 

elevated climatic T "'^^^'^^o'^ of starch at 

Climatic temperatures. alteratir,„ * 
starch deposition inevitably 1 ads to ' 
starch fine structure. alteration of 

activi'ti"T ^'^"^^"^ and 

activities of e;<;c "-iiu 

uj. and BE and/nr 

enzymes (eg replacinc , source of the 

I leg replacing maize sss with pea ss<;i 

•-pressed dur.n, .t.rch deposition 1„ th. 
a-elopi„, .„do.p.t.. .it,„„, the „tio= o, thes. 
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isoforms may be achieved by transformation 
techniques in which some of the natural enzyme 
activities are repressed whilst others are 
over-expressed in a manner analogous to the changes 
reported herein for the starch mutants of corn. 



EFFECTS ON TEXTURE 

Improved starch deposition also leads to 

10 alteration of the texture of crops such as tomatoes 
because increased amounts of starch in the fruit 
would increase the total solids content. 

This effect would be significant in tomatoes 
which are grown for processing into paste. The 

15 quality of paste produced from processed tomatoes 
is in part related to the viscosity of the product 
which is usually determined by the Bostwick flow 
rate, reduced flow rate being desirable. The 
factors that interact to give a thicker product 

20 with reduced flow rate are complex, involving 
interactions between insoluble and soluble 
components. It is important to note that the 
characteristics of components in whole fruit will 
change during processing because of enzyme action 

25 and chemical changes brought about by heating which 
is involved in tomato processing by the so-called 
"hot-break " method . 

The consistency of hot break paste is likely 
to be improved by increasing the level of insoluble 

30 solids in the whole fruit used in processing. 

Increased levels of soluble and insoluble solids in 
processing tomatoes has been an object of plant 
breeders for many years. 

Soluble solids are the solutes in the tomato 
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serum and consi^i-^ 

Past. ■ = primarily of carbohydrates 

Paste IS normally sold on the basis n/ I 
tomato soluble solids (..ss, cent It ^ 
-.ars are the .a.or contributor to •,.sr"^^ 
5 sugar content contributes to a h k '^^'^ 

P«te per tonne of to.atoe ' ''''' °' 

between ..ss and total so! ds 21^ °" 
although the relationship vari s aJ! 
-Itivars. High NTSS levels in ' '""''^ 

^° an indirect measure of the st ch^'^ '^"'^ 

insoluble solids during fruit d! ""'""'"^ °' '"^^ 
content is a critical L ^""^^"P^^^t . sugar 

tomatoes. "-ponent of the flavour of 

Insoluble solids (r^\ 

polysaccharides in the , ""'"'^ °' 

•^'jct. in tne cell wall 

Will also contribute to the IS aith k "' 
Ripening, this forms a small "''^""'h. in normal 
^-io partially aet:rmi : ^^I™- 
tomato products. where hioh """"""^"^^ of 

20 required, a greater ""sistency is 

a greater guantitv of tc < 
product quality is. improves the 

wat^r • / " measured as both 

water-insoluble solids (WIS) anH i w 
solids (AIS). the AIS ' ^icohol-insoluble 
those for WIS because '"^"'^^^^^ ^-^ter than 

" -ss soluble in";\"^\ :: r:.rr^-"---= 

T+. ^ a"oa cnan m water 

It IS believed th^^ u ^^-er. 

invention, the increased am "^''"'^ °' ^'^^^ 

1 ^"creased amounts of stAT-.-^ 

tl>=r«£or., unlikely to ^ 

=0 c„„.i„.„,,. to l.p„..a 

^-""^^ "i..ui.;:;r . 

resulting m increased viscosity. 
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Enhanced starch synthesis is also likely to 
elevate the import of carbohydrate into the fruit 
which may also result in enhanced levels of soluble 
solids in the ripe fruit. This may also be 

5 considered as advantageous in fruit intended for 

the fresh fruit market. 

In summary, then, improved insoluble solids 
leads to improved consistency of paste and higher 
yields of paste per tonne of tomato processed, 

10 whereas increased soluble solids will result in 
higher yields of paste per tonne of tomato 
processed and improved sugar component of flavour. 

In tomato, the free sugars are almost entirely 
fructose and glucose. Sucrose is present but 

15 rarely exceeds 1% of the dry weight. Starch and 
structural polysaccharides are the major forms of 
storage of imported carbon. Starch levels increase 
in the early stages of fruit development, followed 
by a decrease to virtually zero by ripeness. Thus, 

20 in ripe fruit, hexoses (glucose and fructose) are 
the primary component of the soluble solids and 
account for about 50% of the fruit dry weight. 

Thus, from the known facts about the ripening 
process it is believed that increasing the soluble 

25 solids is advantageous and that this increase may 
be obtained by transformation with a gene encoding 
glycogen synthase. 

Our invention is thus applicable to plants 
whose value is due to the texture and/or sweetness 

30 and/or taste of the fruit. For example fruits such 
as tomato, melon, peach, pear, etc where the 
accumulation of starch is an early event in fruit 
development but is later degraded during fruit 
ripening releasing sugars. In this case the 
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desirable trait is extr^ 

sweetness as well as texture and 
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OTHER USEFUL EFFFr^c: 



pollen 

by high temperatures in the devel ^'"P^^^d 
cells, reduced pollen .iTj " 
i-ertion, accordinrto l^'" ''''' 

staMe .ar.ants o. l^S^^i:;^ ^"""^^ 
enzyme genes into cereal noli "^""^ 
Viability and seed set 3 lei:"- ^""""^ 
to high temperatures. ^''P""" 
Starch synthesis in leaf rhi^ 

--ted .y .he thermal l.^^^'Tlll a^d"" 

enzymes. Photosynthetic rates in 

are dependent in part on the a. 1^:;"" ^ """^ 

to convert fixed carbon into starch . 

When starch synthesis b./ sucrose. 

yncnesis becomes limited h 
temperatures because of /""^ted at high 

BE, there is an i^«nitation by SSS or 

int/ . "cumulation of metabolic 

intermediates in the chloroDla.= ^ 

inhibition Of ribulose bispTorp.Ite":""' '"^'^^^ 
reducing .he overall carbon' f LtL; 

rrrrrr^f"::^ e^^r- °^ ----^ 

fh» , enzymes, or additional copies of 

the relevant qenef";! < „ >-opies of 
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photosynthe ti c rate of the source leaves during at 
least a part of their life cycle. Examples include 
cereal crops such as maize, sorghum, wheat, barley 
and rice; root crops such as potato, turnip, yam 

5 and cassava; sugar crops such as beet and cane; 

oilseed crops such as rapeseed, sunflower, oil 
palm, coconut, linseed and groundnut; fruits such 
as apples, pears and bananas; and meal crops such 
as soya, beans and peas. The yields of all of 

10 these crops may be limited by source activity at 
particular times in their life cycle. 

Our invention is also applicable to plants 
whose yield depends on gross biomass accumulation 
and which are limited by photosyntheti c rate. 

15 Examples are forage crops such as grasses, 

ryegrass, forage maize and alfalfa; trees grown for 
wood, pulp or ethanol production and vegetables 
such as cauliflower, cabbage and sprouts. 



20 



CROSS-BREEDING 



In one specific aspect, our invention is a 
method of producing a novel substantially 
homozygous maize (corn) line having superior starch 

25 deposition properties which comprises, (i) 

identifying a range of potential donor plants which 
are sexually compatible with a recipient maize 
plant and screening producing soluble starch 
synthase (SSS) enzyme or branching enzyme (BE) to 

30 determine the heat stability of the reaction of at 
least one of said enzymes; (ii) identifying a plant 
producing an enhanced SSS or BE enzyme that is 
significantly more heat-stable for the enzyme 
reaction than the corresponding enzyme in the 
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recipient maize plant- (iH) r> 
identified plant with 'the 

a novel substantial i . ^^"^^"^ so as to produce 
suostantially homozyqous mAi^*=» 

an enhanced rate of stamh I ^""^ ^^^^^^ 

dte or starch deposition. 

Genotypes with a measur^^hio 
or BE activity or altered T ""^^""-^^^ - SSS 
respect t. ^/ ^^'^"^^ characteristics with 
lespect to temperature aro 

back r-.^ introduced into a 

yenecic Similaritv tn «^ 

A t.y to cne commercial 
RFLP's (restriction ^ ^J^ciai line, using 

IS a new maize inbred i i 
^i^^ilar to the parental iLe Z[ 
°^ BE activity. xhe te.p ::;,'r ^"'""'^ 

synthesis is measured before " lu! " °' ^'"'^^ 
in hybrid production. --^^^xng the new line 

.ethodT" ^"•^"•^^'""^ °^ °- invention is a 
-thod of producing a novel substantially 
homozygous maize (corn) line havino . 
deposition properties whi^^ superior starch 

identifying^ Lg f^ l^rrt"' 

sexually compatiblel^rr . p"^: L"" "^^^ 
plant and screenina for i recipient maize 

9raxn starch synthesis afrr^ '^^'^ 
(ii) identifying a plant V h ^-Peratures; 
of starch H producing an enhanced rate 

or starch deposition that is <:ion<f , 
heat-stable than th. . significantly more 

than the corresponding rate in th*. 

recipient maize plant- (iii, . 

FJ-aiit, (111) crossing the 
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identified plant with the recipient maize plant; 

(iv) selecting from among the progeny those 
expressing the high rate of starch deposition; and, 

(v) breeding therefrom so as to produce a novel 
5. substantially homozygous maize line having an 

enhanced rate of starch deposition. 

Genotypes with a measurable enhancement in 
starch deposition rates with respect to temperature 
are introduced into a back-crossing programme with 

10 a commercial maize inbred. Progeny are selected on 
the basis of genetic similarity to the commercial 
line, using RFLP's (restriction fragment length 
polymorphisms), but with the desired SSS or BE 
characteristics. Selected progeny are entered into 

15 further back-crossing against the commercial line. 
The end result is a new maize inbred line, 
genetically vary similar to the parental line, 
having enhanced SSS or BE activity. The 
temperature optimum of starch synthesis is measured 

20 before including the new line in hybrid production. 

EXAMPLE 1 
Sexual Crossing 
The plants selected for screening were maize 
25 plants: either commercial maize varieties or 
varieties from more exotic collections. The 
material selected for screening was from amongst 
other Zea germplasm, for example, Zea t r ipsacum , 
perennis , diploperenni s , luxur ians , parviglumi s , 
30 mexi cana and mays , Many thousands of potential 
donors exist throughout the world where maze is 
grown as a cultivated crop or where it exists in 
the wild plant population, for example in South and 
Central America and Africa. Most of the Zea 
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family can be inter-h,-^^ u 

breeding methods ' -aditional p.ant 

one characteristic sought for use in this 
invention was an increase , nr ■ 
5 acti^i^ ^ ncrease (or minimal loss) in 

activity fro. 25 to SS-c a q ,,,,, ^ 

line was obtained by a method iSich is h 
described Th^ wnich is hereinafter 

loed. The frequency distribution for all 
germplasm assayed in tho = 
that the range Of lariat' T" 
10 narrow. However ou! " '''' ^= '^"^^^ 

- few rare IT -cceeded in locating 

seiecti^\r:::":::; ::r '-'--'^ ^^^^ 

><=«-nipj.asm. Across all the 

germplasm the overall average dm. • 
between 25 and 35-C wa.. activity 
ic ^ around 40% ro - n 

^5 with a range of 65% to 0^ . " ^'^^^ 

y o3* to 0< drop in activitv m 

narrower range of 41% to 7na ^ . 

Of from 0.59 to 0.8 wit. 1 ^" ""^^^^ '°I0 

20 indicating that conven iona? ' 
involves selection of" e.d ,:r""""^''"^ 
possibly have been effect," """^ 
very worst forms of th! -"'^ing-out the 

utms or the enzyme. Howev«.r t-u 
clearly room for further • "O'^ever, there is 

inK ^ »:urther improvement in several 

inbreds and hence it is possible ^ ■ 
yield benefit in . P°"ible to gain potential 

oenetit in commercial hybrids 

The very best forms of sss identified ,^ 
screen of nearly i,000 sources of Zea " 
where in 4 exotic t germplasm) 

^5) and Jxico Lan"" '^^"^ ^« 

010 as high as T ^e^ 'I' ^ 
Obtained from thVpi.„t ^t d 

st«f» „ ■ . introduction Centre, lowa 

State university: Numbers P151S021, Ames 854S 
PI490879 and one teosinh» i- ' 

ne teosinte Ime obtained from Dr 
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with 
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John Deobley Zea mays subsp. Mexicana, Doebley 479. 
The temperature/activity profiles (Figure 21) of 
these forms of the enzyme(s) show a dramatic 
difference from one commercially valuable inbred 
5 line (UE95) which was included for comparison. 

These two exotic lines have been crossed into 
commercial inbred germplasm to produce hybrids. 



10 



GENE MANIPULATION 



A donor gene may also be introduced into a 
recipient plant by transformation. 

When genetic manipulation techniques are 
15 employed in this invention there are at least four 
possibilities: 

(1) Increase the amount and activities of the 
enzyme SSS or BE or GS or any combination thereof 
in a recipient plant, such as a commercial maize 

20 line or population by the insertion of extra gene 

copies of the SSS, BE or GS enzymes. The source of 
these extra copies may be the recipient line itself 
as the technique would simply increase the amount 
of enzyme available in the grain rather than the 

25 changing of the properties of the enzyme(s). The 
gene promoters and other regulatory sequences may 
also be altered to achieve increased amounts of the 
enzyme in the recipient plant. 

(2) The insertion of a gene or genes 

30 specifying SSS and/or BE and/or GS enzymes with 
activities which increase with temperature up to 
30°C. Achieving this requires the identification 
of a source of the thermally stable enzyme gene. 
However, the use of genetic manipulation techniques 
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for introduction of « 

restriction of the source to sexu;,n, 

species and genetic ma^» ■ ^ """^^^^ compatible 

an. source o! t.e ss "''^^-^ 

Hnzyn.es fro. plant species other than cereals 
particularly plants which grow veil in ^ 

altered by genetic enoi '" "'""'^ "'^^"-^ 
desired characterist cs to th"""' " 
are Known in so-called ..oro. 

can alter the c.^^^^l/''''^^^^^^^" -ich 
15 f^i r-K eristics of an enzyme. 

(3) Change the ratios of activities of fh 

^on Of anti-sense gene constructs Th» 
source of these extra ^„ ■ '^"ccs. The 

constrn.t °' ^"tisense 

constructs may be th^ r^^^ 

technique would sim^ *^'"^^"^ itself as the 

4 e would simply increase or decrea^» *-k 
amount of enzyme available in th. ""^ 
" the Changing of the properties of L"^" 

-he gene promoters and o he egulaT = 

also be altered to achieve L .airdT^""^ 
the enzyme in the recipient plant °' 
^4) The insertion of a oenp or 
'0 specifying SSS and/or B. and/or os e 

activities Which effect . r/ """" "''^ 

ct. . etfect a change in the fine 

structure of the starch. Achievina ^h- 

the identification of a sourc o L "'"'"^ 
However, the us^ nf enzyme gene. 

use of genetic manipulation techniques 
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for introduction of the new genes places no 
restriction of the source to sexually compatible 
species and genetic material may be obtained from 
any source of the SSS, BE and GS enzymes having the 

5 desired characteristics. Enzymes from plant 

species other than cereals, particularly plants 
which grow well in tropical or sub-tropical regions 
will most likely exhibit altered starch 
specificities in the SSS and BE enzymes than maize. 

10 The exogenous genetic material may altered by 
genetic engineering to give the desired 
characteristics to the enzymes. Techniques are 
known in so-called "protein engineering" which can 
alter the characteristics of an enzyme. 

15 

I 

ISOLATION OF A DONOR GENE 

The donor gene may be isolated from a suitablis 
biological organism (including plants, fungi, 

20 bacteria or animal cells) after screening a range 
of potential donor organisms producing soluble 
starch synthase (SSS) enzyme, glycogen synthase 
(GS) or branching enzyme (BE) to determine the heat 
stability of the reaction of at least one of said 

25 enzymes. (In bacteria or animals, glycogen is 

deposited rather than starch and so these organisms 
contain glycogen synthases and branching enzymes). 

EXAMPLE 2 

30 Screening for source material 

We have devised a means (an enzyme-activity 
based screen) of identifying heat-stable forms of 
the enzymes. When the natural Zea mays temperature 
sensitive enzymes are replaced with temperature 
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":":.:::r::.^::: ::r;:: ::r"'=- — - 

disrupted bv Inw 
temperatures in '^'^ oy xow 

5 above 25-0 Will „,„it. S-"""" « t.«p„atur„ 

The screen used in fhi = 
-zy.e for^s with inc eased , identified 

activity fro. 25 to as" hI" ^" ' 

char^^^ However, the 
Characteristics souqht for 
iO be any one, or seveLl " invention «n 

-iiowin. c.a.a:::::3"::..""""^"°"' °^ 

n^^^^ a High increase in activity between 20 and 

(2) increased (or minimal loss in , 

25 to 30»C; " ' activity from 

(3) increased (or minimal loss in , 

30 to 35»C; ^ activity from 



20 



25 



M) increased stability to "knockdown" wh.r 
knockdown is defined as «n ■ ' " 

= '■inea as an irreversible los«! i„ 

activity caused by elevatPH <■ 

^ci ■ elevated temperatures- anrt 

(5) instrinsically hiah ar.^^ ' 

y nign activity at 20<>C 



EXAMPLE 3 
Enzyme Ari- ivitv A^c^y 



30 1. 



in order to assess the suitability of 
native enzymes of potential ! ^ 

„ potential gene donor plants n- 

IS necessary to be aKi» ^ H-^ancs, it 

we nave devised the fnli^,,^ 
procedure. following 



enzyme extract to 25zyl nf r.. - 

of primer (glycogen. 
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amylopectin, starch) and 100^1 of a buffer solution 
of the following final concentrations; lOOmM 
bicine, 25mM potassium chloride, 5mM EDTA, and lOmM 
reduced glutathione. 

1 4 

5 3. Begin the assay by adding c-ADP-glucose . 

Stop the assay after a defined time at a defined 
temperature by adding 1ml of O.IM sodium hydroxide. 
Precipitate the primer by bringing the mixture to 
75% methanol concentration. Centrifuge and recover 

10 the primer pellet and redissolve in sodium 

hydroxide and reprecipi tate in 75% methanol. 
Repeat the r epreciptation procedure. 

4. Following the second wash, dissolve the primer 
in IM hydrochloric acid at 100**C. Cool and add the 

15 mixture to scintillation fluid and measure the 
^^C-ADP-glucose transferred to the primer. 

5. BE activity is assayed by adding SO^fl of the 
enzyme extract to a mixture containing citrate 
buffer, AMP, and phosphorylase A. 

20 6. Start the reaction by adding an aliquot of 

^^C-glucose-l-phosphate . Stop the reaction after a 
defined time at a selected temperature by adding 
0-lM sodium hydroxide. 

7. Add a polysaccharide (amylose, glycogen, 

25 amylopectin, starch) as a carrier and precipitate 

the polysaccharide with 75% methanol. Centrifuge 

and wash the polysaccharide precipitate and 

dissolve and count the scintillation as described 

in step 4 above. BE activity is defined as the 

30 stimulation achieved by the enzyme in the. 

1 4 

incorporation of C-glucose from the 
glucose-l-phosphate into the polysaccharide by the 
phosphorylase A. 
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EXAMPLE 4 



Isolation nf c^],^^,^ ^t^r-r^u 

Using standard clonino i-o^^ • 
5 B^ isolate? 3« 

::::: z - - 

nnr^f ^ enzymes were partially 

folio . J ^"'^^^^^ ^-ctionation, 

15 column Th I ^ ^ ° exchange 

column. The Superose column allows seDara^/ . 
SSS from BE activity Fur^h. reparation of 

Purif ! ^sochromatofocussing. 
Purification of th*» q^c * 

:0 Queen) has . "^"^ (Silver 

Queen) has been achieved (Wasserman etal. Plant 
Physiology, un press), by a combination of 
ammonium sulphate precipitation, ion exchange 

Blue a:r:''^: ^"^-^^^ ^^romatography .^el 
S This r::,', --o-o ana Superose-12. 

results in up to 5,000-fold Durifin:,^• 
yields up to 5%. The sss n , P""f^cation with 

subunit of molecular w h ''^'''"'' ' 

polypeptides wer: „ " 

at around 70.O and lO :o\.;?e' T '"'"'^ ^'"^ 

xuskD molecular weight 

Ammonium sulphate precipitation of sss i ■ 

:: uci":;^:.:?^ suiphat?::icV^ 

npAF IT , "runer fractionated using 
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steps increase specific activities by up to 
50-fold. The affinity chromatography steps rely on 
the ADP attached to a Sepharose matrix either 
through the N-amino group or through The ribose 

5 hydroxyl group. SSS I is readily eluted with 2mM 

ADP at pH 8.5. Specific activities are increased 
by up to 10-fold using the affinity chromatography 
step with a yield of around 15%., SSS is next 
purified by Mono-Q FPLC steps with elution of 

10 activity at low potassium chloride (not more than 
200mM KCl ) . 

Purification of the SSS and BE enzymes from 
the US inbred line identified three SSS and three 
BE isoforms. Figure 22 shows the data for SSS; BE 
15 behaves similarly. Preliminary investigations have 
suggested that these isoforms have slightly 
different temperature optima of activity and also 
slightly different temperature thresholds for 
knockdown. 

20 In the final purification step the SSS or BE 

preparations were loaded on to SDS PAGE gels. The 
bands corresponding to the SSS or BE polypeptides 
were cut out and eluted. The pure polypeptide was 
then used as an antigen to generate polyclonal 

25 antibodies in a rabbit. The antibodies were then 
tested for specificity to the SSS or BE 
polypeptides. N-terminal amino acid sequences were 
also obtained from the polypeptides. 

Full sequencing of the maize polypeptides is 

30 continuing. Amino acid sequencing of the maize SSS 
polypeptide has provisionally yielded the following 
partial sequence : Ala-Ala-xxx-Arg-Lys-Ala-Val-Met- 
Val-Pro-xxx-Gly-xxx-Asn-Arg-Glu-Phe-Val-Lys-Tyr-Leu 
_Phe-xxx-Met/Phe-Ala-Gln. The final sequence may 
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15 



be compared to the amino aciH e= 

and SSS II publi.h^H r =^quence of pea SSS I 

published by Dry et al (1991 pi-„. 
Journal, 2:193-202). "~ ~ ^ 

The antibodies may be used to screen a mai, 
endosperm cDNA library f . screen a maize 

uwA iiorary for clones derived fr«» 
mRNAs for SSS or BE in , • arrived from the 

tran.i ^ ^" an in vitro transcription/ 

translation system. -^Ftion/ 

The cDNAs thus derived may be used t« o k 
maize genomic librarv and ^ ^ 

^ ""^ ^^'^^ maize sss and be 

.rl lT ° """"" nation for sss 

and BE may be used « " 

probes Th. generate oligonucleotide 

probes. These probes may be used to screen the 
maize genomic library and th» screen the 

iaiy ana the maize SSS and nr 
genomic dnas may be isolated. 
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TRANSFORMATION 

«axze genomi^DNAs isolated as above lv~ 
subsequently be transformed into eith 
or other tissues of . " Protoplasts 

tissues of a maize inbred line or 
population. The exisun^ 

that the extra I ^^"^ promoters ensure 

dev./ ' " expressed only in the 

developing endosperm at the correc^ h , 
time. The nro^» • correct developmental 

ine protein seauencec 1 

the enzymes are inserLr ! ''""""^ that 
Tran.«o • "''^^^ the amyloplast. 

Transgenic maize plants are reqenera.-»H . 
the endosperms of these "generated and 

tnese plants are tested for 
-creased sss and BE enzyme activity. Ll Ln I 
are also tested for enhanced rate of starch ' 
synthesis at different temperatures. The plants 
are then included in « ^- Plants 

nrorf,.. breeding programme to 

produce new maize hybrid.? w<m 

nyorids with higher rates of 
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starch synthesis at temperatures above the normal 
op t imum . 

( i i ) insertion of genes specifying SSS and/or 
5 BE with higher temperature optima for activity. 

This is also achieved by standard cloning 
techniques. The source of the temperature-stable 
forms of the SSS or BE or GS genes is any organism 
that can make starch or glycogen. Potential donor 
10 organisms are screened and identified as described 
above. Thereafter there are two approaches: 

(a) via enzyme purification and antibody/sequence 
generation using the protocol described above. 

(b) using SSS and BE and GS cDNAs as heterologous 
15 probes to identify the genomic DNAs for SSS and BE 

and GS in libraries from the organism concerned. 
The gene transformation, plant regeneration and 
testing protocols are as described above. In this 
instance it is necessary to make gene constructs 

20 for transformation which contain the regulatory 

sequences from maize endosperm SSS or BE or another 
maize endosperm starch synthesis pathway enzyme to 
ensure expression in endosperm at the correct 
developmental time (eg, ADPG py rophosphorylase ) . 

25 One specific example of this is with the 

bacterial glycogen synthase enzyme which we have 
found to be essentially tolerant of temperatures up 
to 40**C. The nucleotide and amino-acid sequences 
of glycogen synthase are known (i) from E Coli 

30 GenBank/EMBL #J02616 (Kumar et al, J Biol Chem 34 
16256-16259 (1986)). (ii) from rabbit skeletal 
muscle (Zhang et al , FASEB J 3 2532-2536 1989)), 
and (iii) from human muscle (Browner et al, Proc 
Nat Acad 5cl 86 1443-1447 (1989)). Gene constructs 
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^-.e en.osp::;:::Lr °^ 

de o,,,„, ti.e ..p, p,.op.osp.o.; I e 

sltlr" '^"^ constructs also require 'a 

suxtable a.yaoplast t.ansi t-peptide seje.ce such 

as from maize endosperm SSS or BE or anotL. 

endosperm starch synthesis ^a^h ^"''t*'^^ "-aize 

10 censnro » ^nesis pathway enzyme to 

censure expression of the amyloplast a. ^K 

developmental time (eg, ADPG ovr ! 

- . ' Pyrophosphorylase) . 

Genetic protein engineering ^= u • 
also be used to alter the ! may 

the SSS or BE or GS I °^ 
15 enzymes to impart higher 

15 temperature optima for activitv 

and/or be and/or gs may be ."oned I 
Which relies on these en^ ° " bacteria 

Co, " enzymes for survival 

selection for bacteria surviving at evaluated 
temperatures enables the isol«^ «^aluated 
20 thermostable enzyme forms i:,:!: °' ""^^^^^ 

With the altered genes Ts' ^""^'"'^'""^'"^ °^ -ize 

genes is carried out as described 



25 



30 



above . 



temperature optima for activitv Tho 

and/or be may be cIohpH . "^^^ ^""^ ^enes for SSS 

luay oe Cloned into bacterid, r^i • 

these enzymes for survival I °" 

surviving at elevated ^ bacteria 
isolation I ^^^^^^^'^ temperatures enables the 
isolation Of mutated thermostable enzvm.. . 

Transformation of maize with th! T ' 
parr^^^ ^ ^^^'^ altered genes is 

carried out as described above. 
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(iii) Changing the ratios of activities of the 
ispforms of enzymes SSS or BE. 

This is also achieved by standard cloning 
techniques. The source of the SSS or BE genes is 

5 maize using the protocol described above. Plants 

are then transformed by insertion of extra gene 
copies of the isoforms of SSS, BE enzymes and/or by 
insertion of anti-sense gene constructs. The gene 
promoters and other regulatory sequences may also 

10 be altered to achieve increased amounts of the 
enzyme in the recipient plant. 

( iv ) Insertion of a gene or genes specifying 
Sl 'i-: and/or BE and/or G5 enzymes with activities 

15 which effect a change in the fine structure of the 
starch . 

This is also achieved by standard cloning 
techniques. The source of the special forms of the 
SSS or BE or GS genes is any organism that can make 

20 starch or- glycogen. Potential donor organisms are 
screened and identified as described above - 
Thereafter there are two approaches: 
(a) via enzyme purification and antibody/sequence 
generation using the protocol described above. 

25 (b) using SSS and BE and GS cDNAs as heterologous 
probes to identify the genomic DNAs for SSS and BE 
and GS in libraries from the organism concerned. 
The gene transformation, plant regeneration and 
testing protocols are as described above. In this 

30 instance it is necessary to make gene constructs 

for transformation which contain the regulatory 
sequences from maize endosperm SSS or BE or another 
maize endosperm starch synthesis pathway enzyme to 
ensure expression in endosperm at the correct 

35 developmental time (eg, ADPG pyrophosphorylase ) . 
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CLAIMS 



10 



15 



3 . 



4 



20 5. 



25 



30 7. 



• A method Of producing a plant with altered 

starch synthesising ability comprising stably 
-corporating into the geno.e of a" recipient 
plant one or „,ore than one donor gene 
specifying an enzyme involved in a starch or 
glycogen biosynthetic pathway. 

A method as claimed in claim 1 in which the 

s'tarch'\' " "^^"^'^^ ^° 

starch at elevated or lowered temperature. 

iLTtl^lT"'^' -Claim lor claim 2 in 

Itlrch " ^" '""'"''y '° synthesise 

starch wxth an altered fine structure. 

A method as claimed in any of claims 1 to 3 i„ 
whxch the temperature optimum of starch ^" 
synthesxs xs increased or decreased. 

A method as claimed in any of claims 1 to 4 in 
derived from a plant. 

A method as claimed in claim 5 in which the 
donor gene is derived from a plant of the 

species Zea mavs 7..= j- , 

g "lays , Zea dipiop^ ro»^; . ^ 

B^I^^l^Amis, ^ea_mexicana7rT;^^ ~ 

A method as claimed in claim 6 in which the 
donor gene is derived from a plant of the La 
varieties .ima 33, Cuana.uato X3, .i^f" 
45, Doebley 479 or teosinte 154. 
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8. A method as claimed in any of claims 1 to 7 in 
which at least one of the donor genes is 
derived from a bacterium. 

5 9. A method as claimed in any of claims 1 to 8 in 

which at least one of the donor genes is 
derived from a fungus. 

10. A method as claimed in any of claims 1 to 9 in 
10 which at least one of the donor genes is 

derived from an animal cell, 

11. A method as claimed in any of claims 1 to 10 
in which the donor gene specifies soluble 

15 starch synthase (E.C, 2.4.1.21) and/or 

branching enzyme (E.C. 2.4.1.18) and/or 
glycogen synthase of bacterial origin (E.C. 
2.4.1.11) or of animal origin (E.C. 2.4.1.21). 

20 12. A method as claimed in any of claims 1 to 11 

in which at least one of the donor genes 
specifies a modified allelic form of the 
enzyme . 

25 13. A method as claimed in any of claims 1 to 12 

in which at least one of the donor genes 
specifies a mRNA antisense to the mRNA encoded 
by the wild-type gene. 

30 14. A method as claimed in any of claims 1 to 13 

in which at least one of the donor genes is 
derived from a sexually compatible donor plant 
and is inserted into the recipient plant by 
sexual crossing of donor and recipient plants. 
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A method as claimed in any of clai™ i to 14 in 

-corporated into the recipient genome by 
genetic transformation. 

A method as claimed in any of claims 1 to 15 

Which the recipient plant is of the family 
oramineae . ■' 



10 



17 



15 



20 



25 



18 



30 



19. 



20. 



21. 



22. 



A method as claimed in claim 16 in which the 
-cxpient plant is of the species Z.ea may_s. 

A method as claimed in any of claims 1 to 15 
- Which the recipient plant is a tomato. 

A Plant having one or more than one donor gene 
specxfy.ng an enzyme involved in a starch or 
glycogen biosynthetic pathway stably 
-co.p,„ted into its genome such that its 
abxl.ty to synthesise starch is altered. 

A plant as claimed in claim 19 which has an 
-proved capacity to produce starch at 
elevated or lowered temperature. 

A plant as claimed in claim 19 or claim 20 
whxch has an ability to synthesise starch with 
an altered fine structure. 

A plant as claimed in any of claims 19 to 21 

in which starch synthesis ha= = 

yntnesis has an increased or 

decreased temperature optimum. 
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10 



15 



23. A plant as claimed in any of claims 19 to 22 
in which at least one of the donor genes is 
derived from a plant. 

24. A plant as claimed in claim 23 in which the 
donor gene is derived from a plant of the 
species 2ea mays , 2ea diplope renni s , Zea 
luxur ians , Zea perennis , Zea tripsacum , Zea 
parviglumis , Zea mexicana or teosinte. 

25. A plant as claimed in claim 24 in which the 
donor gene is derived from a plant of the Zea 
mays varieties Lima 38, Guanajuato 13, Lima 
45, Doebley 479 or teosinte 154. 

26. A plant as claimed in any of claims 19 to 25 
in which at least one of the donor genes is 
derived from a bacterium. 

20 27. A plant as claimed in any of claims 19 to 26 

in which at least one of the donor genes is 
derived from a fungus. 

28. A plant as claimed in any of claims 19 to 27 
25 in which at least one of the donor genes is 

derived from an animal cell. 

29. A plant as claimed in any of claims 1 to 10 in 
which the donor gene specifies soluble starch 

30 synthase (E.C. 2.4.1.21) and/or branching 

enzyme (E.C. 2.4.1.18) and/or glycogen 
synthase (E.C. 2.4.1.11 or E.C, 2.4.1.21). 
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10 



15 



20 



25 



in 1 ^"^ i9 to 29 

, - wh.ch at least one of the donor genes 

specifies a modified allelic form of the 
enzyme. 

31- A Plant as claimed in any of claims 19 to 30 

specifies a mRNA antisen<.P ^^ 

the Wild-type ,ene ^""^^'^ 

32. - Plant as claimed in any of claims 19 to 
31 Which is Of the family Gramineae. 

" """" " " 31 

which IS a tomato, 

35. A Plant as claimed in any of claims 19 to 34 

d ::":o: — — , a^^ty ^hich 

to 3o"c temperature between 25 

36. A plant as claimed in any of claims 19 to 35 

3IT ' '^"^ ^""'^^"^ starch 

synthase and/or branching and/or glycogen 
synthase enzyme with an „ 1 ^ ^ 
0.8 between Is and 35^c ''^^^ 
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37. A plant as claimed in any of claims 19 to 36 
having a donor gene encoding soluble starch 
synthase and/or branching and/or glycogen 
synthase enzyme which is resistant to 

5 reduction of activity after exposure to a 

temperature in excess of 40**C for two hours. 

38. Seeds of a plant as claimed in any of claims 
19 to 37, 

10 

39. A plant which is derived from a plant as 
claimed in any of claims 19 to 37. 

40. A plant as claimed in claim 39 which is a 
15 hybrid. 
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FIG. 6 

QIO Values for various 
enzymes 
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FIG. U 



Recovery of SSS and UOPG pyrophosphorylase 
activity foUov^ing 37 deg C heat treatment of 

maize ear. 




Recovery time (hours) 
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